Myocardial infarction (MI) represents an enormous clinical challenge as loss of myocardium due to ischemic injury is associated with compromised left ventricular (LV) function often leading to acute cardiac decompensation or chronic heart failure. S100A1 was recently identified as a positive inotropic regulator of myocardial contractility in vitro and in vivo. Here, we explore the strategy of myocardial S100A1 gene therapy either at the time of, or 2 h after, MI to preserve global heart function. Rats underwent cryothermia-induced MI and in vivo intracoronary delivery of adenoviral transgenes (4 Â 10 10 pfu). Animals received saline (MI), the S100A1 adenovirus (MI/AdS100A1), a control adenovirus (MI/AdGFP), or a sham operation. S100A1 gene delivery preserved global in vivo LV function 1 week after MI. Preservation of LV function was due mainly to S100A1-mediated gain of contractility of the remaining, viable myocardium since contractile parameters and Ca 2+ transients of isolated MI/AdS100A1 myocytes were significantly enhanced compared to myocytes isolated from both MI/AdGFP and sham groups. Moreover, S100A1 gene therapy preserved the cardiac Badrenergic inotropic reserve, which was associated with the attenuation of GRK2 up-regulation. Also, S100A1 overexpression reduced cardiac hypertrophy 1 week post-MI. Overall, our data indicate that S100A1 gene therapy provides a potential novel treatment strategy to maintain contractile performance of the post-MI heart.
INTRODUCTION
Cardiovascular disease accounts for nearly 40% of all deaths annually in Western countries. In particular, myocardial infarction (MI) represents an enormous clinical challenge as loss of myocardium is associated with compromised left ventricular (LV) function often leading to acute cardiac decompensation or chronic heart failure (HF) [1] . Recent advances in clinical therapy have reduced the overall mortality rate due to heart disease; however, therapies often fail to preserve global heart function during the post-MI period [2] . Therefore, novel therapeutic approaches to improve contractile properties of the remaining myocardium and thus prevent chronic HF are of great interest. S100A1, a Ca 2+ -binding protein of the EF-hand type, is preferentially expressed in the healthy heart and has recently been identified as a positive inotropic regulator of in vivo and in vitro myocardial contractility with cardioprotective actions at least in vitro [3] [4] [5] [6] [7] . Chronic cardiac inotropic effects observed in S100A1 transgenic mice were found to be independent of h-adrenergic signaling and were not accompanied by any detrimental effects on cardiac morphology or function chronically [5] . Importantly, S100A1 expression levels in myocardial tissue are significantly down-regulated in end-stage HF [8, 9] . Most recently, we could provide first evidence for the therapeutic impact of cardiac S100A1 gene delivery in the context of HF. Intracoronary delivery of the human S100A1 gene by the use of a first-generation adenovirus normalized diminished S100A1 protein abundance in an established chronic HF model of the rat that in turn rescued both impaired contractile performance and Ca 2+ cycling of the failing myocardium in vitro and in vivo [9] . Mechanistically, S100A1-mediated effects on both healthy and failing cardiomyocytes are due to increased sarcoplasmic reticulum (SR) Ca 2+ -ATPase (SERCA2a) activity, diminished diastolic SR Ca 2+ leak, and augmented systolic open probability of the ryanodine receptor (RyR) causing an overall significant gain in both SR Ca 2+ cycling and excitation-contraction coupling [4] [5] [6] 9, 10] . Further, S100A1 has recently been shown both to increase cardiac sarcomeric compliance and to modulate Ca 2+ responsiveness of cardiac myofilaments that, in addition, might support the beneficial contractile effects seen in S100A1-overexpressing myocardium [4, 11, 12] .
However, cardiac S100A1 gene transfer in an acute MI setting has not yet been examined and based on our previous studies, this might be advantageous as a mechanism to preserve global LV function. To support this hypothesis, data generated from S100A1 knockout mice demonstrate an inability of the heart to adapt to acute and chronic hemodynamic stress in vivo [13] . However, there are enormous differences between the transgenic mouse paradigm and exogenous gene transfer to adult animals and it is unknown whether the beneficial therapeutic S100A1 gene transfer approach in overt failing myocardium would also be effective in an acute clinical setting like MI. Over the past few years myocardial gene delivery has been shown to represent a powerful tool to alter myocardial function in vivo [9, [14] [15] [16] [17] . In this study, we sought to employ the apparent therapeutic properties of S100A1 following myocardial gene transfer, including a clinically relevant delivery protocol, to support remaining myocardium after acute MI and potentially to preserve global cardiac function and prevent chronic post-MI HF.
RESULTS

Acute Myocardial Infarction
Triphenyltetrazolium chloride (TTC) staining in LV sections at the midventricular level 6 h after cryoinfarction (Fig. 1A) or sham operation (Fig. 1B) shows representative infarct size. The use of the 8-mm cryostamp resulted in an average infarct size of 31.4 F 2.2% of the LV (n = 8) as delineated by TTC staining. The cryothermia-mediated MI also resulted in a thinned LV free wall 7 days following MI (Fig. 1C) compared to sham-operated hearts (Fig. 1D ).
Myocardial Gene Delivery and S100A1 Expression Intracoronary delivery at the time of MI (0 h) of 4 Â 10 10 pfu of AdS100A1, AdGFP, or Adh-gal resulted in robust infection of myocardium as assessed by X-gal staining ( Figs. 2A and 2B ), green fluorescent protein (GFP) fluorescence (Figs. 2C and 2D ), or S100A1 immunohistochemistry (Figs. 2E and 2F) in LV cryosections. The distribution of marker genes was global in nature although not homogeneous ( Figs. 2A-2D ) as described previously [9, 15] . This distribution pattern was also evident with S100A1 gene transfer as confirmed by immunohistochemistry using an antibody specific for the human isoform of S100A1 (Figs. 2E and 2F ). Figs. 2G and 2H illustrate representative protein immunoblotting analysis carried out for S100A1 from LV homogenates showing specifically the human isoform in the AdS100A1-treated hearts. In vivo delivery of AdS100A1 resulted in readily detectable myocardial expression of the human isoform of S100A1 protein, whereas we were not able to detect human S100A1 protein in control groups (Fig. 2H) . Quantification of total S100A1 mRNA expression levels in LV myocardium revealed a significant approximately fivefold overexpression in AdS100A1-treated animals compared to all control groups (Fig. 2I) .
Figs. 2J-2L show the representative proportion of GFPstained myocytes 2 h after cell isolation and Ca 2+ toleration. Within 26 randomly chosen field of views 132 of 743 isolated myocytes exhibited GFP staining (17.7%) 7 days after in vivo gene delivery and MI. We confirmed overexpression of total S100A1 mRNA in isolated cardiomyocytes used for cell contractility studies (Fig. 2N) . Expression of the endogenous S100A1 isoform was unchanged 1 week after gene transfer compared to control groups using rat S100A1 primers, which lack detection of the human isoform (Fig. 2O) .
Preservation of in Vivo Myocardial Function after Acute MI through S100A1 Gene Therapy We determined the in vivo functional consequences of myocardial S100A1 gene therapy at 0 h in this acute MI model 1 week after MI using a closed-chest cardiac catheterization technique. We recorded LV pressure in anesthetized animals under basal conditions and in response to acute hemodynamic stress provoked by continuous epinephrine infusion. Figs. 3A-3D depict baseline hemodynamic parameters of infarcted and AdS100A1-treated rats (MI/AdS100A1, n = 8) compared to infarcted rats treated with saline (MI, n = 6) or AdGFP (MI/AdGFP, n = 6) and noninfarcted controls (sham, n = 7) 7 days following MI and in vivo gene delivery. Cryothermia-induced acute loss of LV myocardium resulted in significantly reduced cardiac contractility as assessed by the maximal rate of LV pressure rise (+dP/dt) and fall (ÀdP/dt) 7 days following MI (Figs. 3A and 3B ). Moreover LV end systolic pressure (ESP) was significantly reduced, while end diastolic pressure (EDP) was significantly increased (Figs. 3C and 3D) . Additionally, the time constant of monoexponential isovolumetric pressure decay (s) was significantly extended, while heart rate (HR) was unaltered 7 days after MI (data not shown). S100A1 gene delivery at the time of MI resulted in significant improvements in hemodynamic parameters 7 days later compared to AdGFP-and saline-treated MI rats. Myocardial S100A1 protein overexpression significantly increased the +dP/dt by 30.8% and the ÀdP/dt by 24.5% compared to MI/AdGFP under basal conditions in vivo (Figs. 3A and 3B ). In addition, S100A1 overexpression resulted in significantly enhanced LV end systolic pressure compared to control animals (Fig. 3C) . LV EDP tended to be decreased in AdS100A1-treated rats although this observation was not statistically significant. Of importance, S100A1 gene transfer did not affect HR (data not shown) 7 days after MI. Interestingly, overexpression of human S100A1 in the infarcted rat heart caused a therapeutic gain in baseline cardiac hemodynamic function that actually could not be statistically distinguished from healthy, sham-operated animals (Figs. 3A-3D ).
When we challenged infarcted and AdS100A1-treated rats in this delivery protocol (0 h) with epinephrine, in vivo LV performance was significantly enhanced compared to MI/AdGFP and MI controls. Thus, in addition to increased cardiac contractility observed under basal conditions, AdS100A1-treated rats had a larger cardiac reserve to respond to acute hemodynamic stress seen with +dP/dt, ÀdP/dt, and LV end systolic pressure (Figs. 3E-3G). In addition, under h-adrenergic stimulation, EDP was significantly reduced in MI/AdS100A1 animals compared to MI/AdGFP and MI controls (Fig. 3H) . As under basal conditions, HR was not statistically different after hadrenergic stimulation (data not shown). Moreover, cardiac contractility of AdS100A1-treated infarcted rats did not differ significantly from that of noninfarcted sham-operated rats 7 days after MI (Figs. 3E-3H ).
S100A1 Gene Therapy Increases Contractile Properties and Ca
2+ Transients of Cardiomyocytes post-MI To determine whether changes in cellular Ca 2+ cycling account for the preserved cardiac contractility of AdS100A1-treated rats in the acute post-MI period, we examined contractile performance and intracellular Ca from MI/AdGFP, MI, and sham-operated animals (Figs. 4A-4D). Diastolic cell length did not differ significantly in all groups (data not shown). We could select myocytes infected with AdS100A1 due to this vector also having a GFP transgene. Contractility and Ca 2+ transients in ventricular myocytes from AdS100A1-treated rats 7 days post-MI were significantly increased even in comparison to myocytes derived from noninfarcted sham rats. Moreover, [Ca 2+ ] i transients and contractile parameters of S100A1-overexpressing myocytes were also significantly augmented compared to uninfected cells (n = 28) isolated from the same MI/AdS100A1 animals (Figs. 4E-4H ). Taken together, these results demonstrate that the preserved global in vivo cardiac function of S100A1-treated animals post-MI might be attributed to enhanced contractile properties and [Ca 2+ ] i transients of remaining myocardium (noninfarcted) overexpressing S100A1.
S100A1 Gene Therapy 2 h after Acute MI
To investigate any clinical potential of a S100A1 gene therapy approach in the acute MI setting, we delivered AdS100A1 (n = 8) 2 h after MI. Importantly, treatment under these more clinical delivery conditions (some time after the infarct) also resulted in significantly increased cardiac contractile parameters 7 days after MI compared to both MI (n = 8) and MI/AdGFP (n = 7) as revealed by echocardiography and cardiac catheterization (Table 1) . These physiological results are nearly identical to what we found when the viruses were delivered at the time of MI (0 h). Cardiac function of infarcted AdS100A1-treated rats was not significantly different from that of sham (n = 8) although MI/S100A1 rat hearts trended toward slightly reduced contractile parameters from sham animals ( Table  1 ). In contrast, MI and MI/GFP groups showed a significantly depressed heart function compared to both sham and MI/S100A1 (Table 1) . Importantly, while hadrenergic responsiveness was significantly ablated in MI and MI/AdGFP groups, S100A1 gene therapy nearly preserved the cardiac inotropic reserve in response to a maximal dose of isoproterenol compared to sham (Table  1 ; Figs. 5A and 5B).
Investigation of Representative Markers of Heart Failure and Myocardial Hypertrophy
Since MI often causes progressive deterioration of cardiac function and transition to HF, we investigated the expression pattern of marker proteins reflecting this process. We determined the expression levels of the Ca 2+ -cycling proteins SERCA2a, PLB, and NCX in rat hearts treated with viruses 2 h after MI. These proteins are known to be altered in the transition to HF and S100A1 can alter Ca 2+ cycling in the myocyte. We also examined the expression of the G-protein-coupled receptor kinase 2 (GRK2 or hARK1) since this kinase is up-regulated in HF and its increased expression has been shown to decrease h-adrenergic inotropic reserve in dysfunctional hearts [18] . While SERCA2a, PLB, and NCX mRNA expression was not altered by either MI or S100A1 gene delivery (data not shown), GRK2 expression was significantly up-regulated in MI and MI/GFP hearts but not in MI/S100A1 rat hearts 7 days after MI (Fig. 5C ). We examined ANF mRNA expression levels as a marker of myocardial hypertrophy [19, 20] and ANF was significantly increased in infarcted rats compared to the sham group 7 days post-MI (Fig. 5D) . In AdS100A1-treated MI rats ANF expression was significantly lower compared to both MI and MI/AdGFP groups (Fig. 5D) . Consistent with ANF expression results, heart weight to body weight ratio (HW/BW) was significantly increased in MI and MI/AdGFP groups compared to noninfarcted controls, while the HW/BW of MI rats treated with AdS100A1 was significantly lower and not different from that of sham control rats (Fig. 5E ). Lung and liver weights were found to be unaltered between all groups investigated (data not shown). DISCUSSION S100A1 has been characterized as a novel positive inotropic factor and regulator of myocardial contractility in vitro and in vivo [4, 21, 22] . Effects mediated by intracellular S100A1 protein appear primarily based on improved SR Ca 2+ cycling and altered sarcomeric function [4] [5] [6] [7] 9, 12] , while activity of sarcolemmal Ca 2+ cycling proteins such as the L-type Ca 2+ channel and the NCX are not affected by the protein [10] . In fact, enhanced SERCA2a activity as well as improved RyR function appears to be the major mechanism for S100A1-mediated rescue of a chronic HF model in the rat [9] . Given these results and findings in S100A1-knockout mice showing an inability of these hearts to adapt to acute and chronic hemodynamic stress in vivo [13] , we wanted to investigate in this study whether S100A1 gene delivery around the time of MI could prevent more acute LV dysfunction. Our findings show quite clearly that the S100A1 protein can mediate improved cardiac function following acute MI. Importantly, this was seen in an experimental group in which AdS100A1 was delivered via our intracoronary gene delivery techniques 2 h after MI, demonstrating a potentially clinically relevant molecular therapeutic strategy in which the S100A1 protein can have a beneficial effect in the acute MI setting.
In the MI model employed, in vivo cardiac function is severely depressed within a week after the injury. When S100A1 is overexpressed following acute post-MI gene delivery, this 7-day post-MI dysfunction is prevented and virtually normal in vivo cardiac function is preserved. This functional normalization occurs even in the face of a significant proportion of the LV infarcted. Thus, S100A1 overexpression increases the contractility of remaining viable myocardium, which is responsible for our observed in vivo findings. Functional benefit was seen both basally and after h-adrenergic stimulation in vivo, indicating a preserved inotropic reserve after S100A1 gene delivery and protein overexpression. This increased inotropic reserve is consistent with previous results in S100A1 transgenic mice [5] . Interestingly, a mechanism for this in the current study was found as S100A1-treated post-MI hearts lacked significant GRK2 up-regulation that was a characteristic of the post-MI (and MI-AdGFP-treated) hearts. Enhanced GRK2 expression has been implicated in the maladaptive desensitization of h-adrenergic receptors (h-ARs) in the dysfunctional LV [18] . Therefore, S100A1-mediated preservation of global in vivo cardiac function might diminish dysfunctional cardiac h-AR signaling that is part of the transition to HF.
We also found that 7 days after MI there was significantly elevated HW/BW and up-regulation of ventricular ANF expression, indicating that post-MI hearts were hypertrophic. S100A1 overexpression prevented post-MI hypertrophy as ANF levels were significantly decreased and hearts were of normal size. Thus, preservation of global function by S100A1 gene transfer appears to be able to prevent hypertrophic changes associated with MI that can often lead to LV remodeling and HF. It should be noted that although hypertrophy was present 7 days post-MI, altered expression of other markers of HF was not evident as SERCA2a, PLB, and NCX levels were similar in all groups. Interestingly, although globally the contractility of post-MI hearts was significantly depressed, myocytes isolated 7 days post-MI exhibited unchanged intracellular Ca 2+ transients and contractile parameters compared to myocytes obtained from sham-operated animals. Therefore, the impairment of global cardiac function in vivo appears to involve primarily the loss of viable myocardium and the lack of contractile mass, while at the cellular level, no significant transition to dysfunction or failure is present. It is noteworthy that impaired LV contractility without cellular contractile dysfunction in the early postinfarct period is in line with several studies and the sudden loss of myocardium was shown to play the most important role in initiating global LV dysfunction after acute MI [23, 24] . It is important to note that contractility at the cellular level was measured under unloaded conditions, while the MI-mediated decrease of global cardiac function was seen in vivo.
Contractile parameters and [Ca 2+ ] i transients of AdS100A1-treated myocytes derived from infarcted hearts were significantly increased compared to both MI/AdGFP-and sham-derived myocytes. These findings provide evidence that the therapeutic effect of S100A1 in vivo gene therapy in acute MI is most probably due to an enhancement of the remaining myocardium by AdS100A1-infected myocytes compensating for lost myocardium. Moreover, uninfected myocytes might be indirectly supported by the integration into the invigorated remaining myocardium.
In the clinical situation, we argue that myocardial gene therapy using S100A1 to preserve global cardiac contractility in the acute post-MI period could be beneficial, and chronically this could prevent cardiac remodeling and progressive deterioration of LV function that can occur [25] . Unfortunately in the present study, we could not address these chronic issues and determine if S100A1 can permanently prevent the transition to HF since we used a first-generation adenoviral vector and our S100A1 overexpression was absent after 21 days (data not shown). In fact, cardiac function measured 3 weeks after MI showed that AdS100A1-treated MI hearts were now dysfunctional since S100A1 was not increased (data not shown). Thus, longer studies will have to be done in the future with advanced vectors allowing for a longer duration of expression, such as adeno-associated viral vectors [26] . Importantly, the size of the cryothermia-induced myocardial damage was shown to be located close to the area injured by the cryostamp without transition zones to viable myocardium [27] , and the initial loss of contractile myocardium was highly reproducible. Since S100A1 overexpression was not present when MI occurred, S100A1 gene transfer had no effect on initial infarct size. Moreover, 21 days post-MI, after a period of significant S100A1 overexpression, infarct sizes in the LV did not differ significantly between MI/AdGFP and MI/AdS100A1 groups (data not shown), indicating that transient S100A1 overexpression did not influence the scar in this model.
In the post-MI period there also exist other approaches to preserve global cardiac contractility such as the replacement of lost cardiomyocytes using tissue replacement therapy or stem cell therapy approaches [28, 29] . In this study, we demonstrate the feasibility of S100A1 gene therapy to support the remaining myocardium after MI and thus delay the development of significant LV dysfunction and subsequent HF. Recent advances in clinical therapy of MI have significantly reduced the acute mortality; however, often these measure fail to preserve cardiac function and prevent the transition to HF [1, 2] . Therefore, S100A1 gene therapy may add to the established clinical concept of the treatment of MI. This approach appears to be supported by the finding that normalization of myocardial S100A1 expression levels has been shown to rescue end-stage HF [9] .
Observations from Tsoporis et al. and our group suggest that S100A1 is involved in the maintenance of the genetic program that defines normal myocardial function and that its down-regulation is permissive for the induction of genes that underlie myocardial hypertrophy [9, 30] . This feature is in line with the reduced hypertrophy and ANF expression in this study and might become even more beneficial in a chronic therapeutic S100A1 gene delivery approach. Chronic S100A1 overexpression might be advantageous to other positive inotropic proteins, since in S100A1 transgenic mice no detrimental effects were observed, while overexpression of the h 1 -AR induces fibrosis, severe LV dysfunction, and arrhythmias [5, 31] .
To summarize, this study reports three novel findings. First, our results demonstrate for the first time that in vivo S100A1 gene therapy acutely after MI preserves global cardiac function, preventing LV dysfunction, which potentially may delay subsequent HF development. Moreover, these novel results could be achieved by using a clinically relevant time of treatment during the post-MI period. Second, preservation of systolic function is due to the S100A1-mediated gain of contractility of the remaining viable myocardium. Finally, we show that the S100A1 treatment maintains the cardiac h-adrenergic inotropic reserve after MI, which appears to be at least partially linked to the prevention of GRK2 up-regulation that is associated with cardiac injury and dysfunction. Therefore, S100A1 gene therapy might provide a novel treatment strategy for improving the cardiac performance of the post-MI heart.
MATERIALS AND METHODS
This investigation conformed to the Guide for the Care and Use of Laboratory Animals published by the U.S. National Institutes of Health (NIH Publication No. 85-23, revised 1996) and all procedures were approved by the appropriate institution committees. Adenoviral vectors. First-generation early gene 1/3-deleted S100A1 adenovirus (AdS100A1) was obtained by the use of the pAdTrack-CMV/ pAdEasy-1 system as previously described [4, 32] . Expression of human S100A1 cDNA and GFP reporter gene was driven by a cytomegalovirus (CMV) promoter. The same adenovirus devoid of S100A1 cDNA served as control (AdGFP). Adh-gal was used as described previously [17] . Replication-deficient adenoviruses were amplified in human embryonic kidney 293 cells, purified, and enriched by cesium chloride centrifugation as described [4] . The titer of stocks used for myocardial gene transfer was 2.1 Â 10 11 pfu/ml for AdGFP (bioactivity 29.5), 2.6 Â 10 11 pfu/ml (bioactivity 29.2) for AdS100A1, and 2.3 Â 10 11 pfu/ml (bioactivity 27.2) for Adh-gal.
Myocardial infarction and adenoviral-mediated gene transfer. Anesthesia of adult male (250-300g) rats was induced using 5% isoflurane (v/v) mixed with oxygen. Anesthetized rats were intubated and mechanically ventilated (Hugo Sachs, Germany) and anesthesia was maintained using 2% isoflurane (v/v) mixed with oxygen. The heart was exposed through a median sternotomy and a 6-O suture was placed at the apex of the LV. To induce myocardial infarction an 8-mm-diameter cylindrical stamp was cooled in liquid nitrogen and then pressed on the LV free wall. Cryothermia was applied by use of three freeze cycles of 1 min each that was interrupted by 1-min thawing intervals [33] .
Myocardial gene transfer was achieved as previously described [9, 15] . Briefly, a 22-gauge catheter containing 200 Al of adenovirus was advanced from the apex of the LV to the aortic root and then 0.75 mg of adenosine was injected into the RV. The aorta and pulmonary arteries were clamped distal to the site of the catheter and the solution was rapidly injected, while the perfusion of the coronaries could be observed by a change of color of the heart. After 20 s the clamp on the aorta and pulmonary artery was released. The chest was then closed and animals were transferred back to their cages, receiving appropriate analgesia. In a second group of animals, the AdS100A1 was delivered 2 h after MI at a clinically relevant time of treatment. In those rats, the aorta was looped and the chest was closed after the cryoinfarction while anesthesia was maintained. Two hours after MI a catheter was advanced into the aortic root via the carotid artery to accomplish the myocardial gene delivery.
Catheter-based in vivo hemodynamic measurements. Seven days after gene delivery and MI, cardiac function was studied in each rat. Rats were sedated with ketamine (100 mg/kg) and xylazine (3 mg/kg) and a 2.5-F pressure-transducer (SPR-870; Millar Instruments, Houston, TX, USA) was placed into the LV cavity through the right carotid artery to record pressure and heart rate as previously described [9] . The right external jugular vein was cannulated with a 22-gauge catheter that was used for epinephrine infusion and saline injections. Data were obtained as steadystate cycles at baseline and after infusions of epinephrine (5.0 Ag/kg/min). Rats treated 2 h after MI were anesthetized with isoflurane (2% v/v) and received increasing dosages of isoproterenol injections (3.3, 33.3, and 333 ng/kg BW).
Echocardiography. Echocardiography was performed with the Visual-SONICS VeVo 770 imaging system using a 710 scanhead in anesthetized animals (2% isoflurane, v/v) as previously described [34] . The internal diameter of the left ventricle was measured in the short-axis view from Mmode recordings in end diastole and end systole. VisualSONICS analysis software was used to calculate ejection fraction (EF) and FS using the formulas (LVIDd À LVIDs)/LVIDd Â 100 (for LV %FS), (LV(V d ) À LV(V s ))/ LV(V d ) Â 100 (for LV %EF), (7/(2.4 + LVIDd)) Â (LVIDd) 3 Â 1000 (for diastolic LV volume), and (7/(2.4 + LVIDs)) Â (LVIDs) 3 Â 1000 (for LV systolic volume). LV(V d ) is LV diastolic volume and LV(V s ) is LV systolic volume.
Infarct size. To examine the reproducibility of the infarct model, eight rats were euthanized 6 h after MI. Hearts were sectioned from apex to base into 2-mm slices. To delineate the infarct size, sections were incubated in 1% (wt/vol) TTC (Sigma) in PBS (pH 7.4) at 378C for 15 min. For each section, the infarct size was measured from enlarged digital photos. Percentage MI was calculated as the infarcted area divided by the area of the whole LV of the section.
Isolation of adult ventricular rat cardiomyocytes. Ca 2+ -tolerant adult cardiomyocytes were isolated from LV tissue of infarcted and genedelivered or sham-operated rats by a standard enzymatic digestion procedure and cultivated as described [4, 9] . Cardiomyocytes used for simultaneous contractility and Ca 2+ measurements were plated at a density of 20,000 cells/cm 2 on laminin-coated glass dishes (Willco Wells; F 1 cm). For analysis of mRNA expression cardiomyocytes were plated on laminincoated plastic dishes (Nunc; F 3.5 cm) at a density of 150,000 cells/cm 2 .
Ca
2+
-transient analyses and contractile parameters of isolated adult rat cardiomyocytes. Contractility and intracellular Ca 2+ transients of Fura 2-AM-loaded (0.5 Amol/L for 20 min at 378C) adult rat cardiomyocytes were measured simultaneously 2 h following myocyte isolation using the IonOptix MyoCam system (IonOptix Corp.) [9] . Myocytes were electrically stimulated with a biphasic pulse to contract at 378C. Measurements were carried out using an inverse Olympus microscope (IX 71) with a dual-excitation single-emission fluorescence photomultiplier system and a video edge detection system (IonOptix Corp.). Twenty consecutive steady-state twitches for each myocyte at 1 Hz and 2 mM [Ca 2+ ] e were averaged and analyzed. Myocytes were isolated from three rats of each group (MI/AdS100A1, MI/AdGFP, MI, and sham). At least 10 myocytes per animal were measured. Within the MI/AdS100A1 and MI/AdGFP groups GFP staining was used to differentiate between infected (GFP) and uninfected myocytes (no GFP) isolated from the same animal.
In vivo gene therapy efficiency. Efficiency of in vivo gene transfer was assessed in cryosectioned hearts (20 Am) by expression of h-galactosidase as described previously [17] and by GFP fluorescence (510 nm) using an Olympus IX81 confocal microscope. To confirm specificity of the GFP emission, the same offset for suppressed background of untreated hearts excited at 488 nm was applied to both AdS100A1-and AdGFP-treated hearts and additional measurements were taken below and above the GFP excitation spectrum as described previously (data not shown) [9] . Additionally, percentage of GFP-stained isolated myocytes was assessed 7 days following in vivo gene transfer within 26 randomly assigned visual fields using an Olympus IX 71 microscope, a mercury arc light, and suitable filters.
Western blot analysis. Western blots were performed as described previously [4] to assess protein levels of S100A1 and cardiac a-actin. Whole rat LVs were homogenized at 48C in PBS (wt/3vol) with 5 mM EGTA and protease inhibitor mixture (1836170, complete Mini EDTA Free; Roche Diagnostics GmbH, Germany) and centrifuged at 10,000g for 15 min. Supernatant protein was subjected to electrophoresis, transferred to a PVDF membrane, and probed with either anti-S100A1-Ab (SA 5632, custom made) or anti-cardiac a-actin-Ab (Ac1-20.4.2, Progen). Blots were developed with the Avidix chemiluminescence detection system (Tropix, Applied Biosystems, Foster City, CA, USA), quantified by densitometry, and normalized to actin.
Immunohistochemistry. Immunohistochemistry was performed as described previously [35] . Briefly, cryosections (10 Am) of AdS100A1-and AdGFP-treated LV were permeabilized and incubated with rabbit anti-S100A1-Ab (SA 5632, custom made). Peroxidase-conjugated secondary antibodies and Vector VIP peroxidase substrate kit (Vector Laboratories, Burlingame, CA, USA) was used to reveal the antigen. Rabbit IgG (Santa Cruz Technologies, Santa Cruz, CA, USA) was used as negative control.
RNA isolation and real-time RT-PCR. Total RNA was isolated from left ventricular tissue as well as from isolated cardiomyocytes using either Ultraspec (Biotec) or Trizol (Life Technologies) according to the company's recommendations. cDNA was synthesized by reverse transcription of the RNA with Superscript II (Life Technologies) as recommended. Realtime PCR was performed in duplicate with a 1:100 dilution of the cDNA on a MyIQ real-time PCR detection system (Bio-Rad) with the SYBR Green PCR Master Mix (Applied Biosystems). The oligonucleotide primers to examine expression of genes were as follows: ANF forward primer (FWD) 5V-TGCCGGTAGAAGATGAGGTC-3V, reverse primer (REV) 5V-TGCTTTTC-AAGAGGGCAGAT-3V, NCX FWD 5V-CGAGACTGTGTCGAACCTGA-3V,
